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a b s t r a c t

Fluorescence microscopy of GFP-tagged proteins is a fundamental tool in cell biology, but without seeing

the structure of the surrounding cellular space, functional information can be lost. Here we present a

protocol that preserves GFP and mCherry fluorescence in mammalian cells embedded in resin with

electron contrast to reveal cellular ultrastructure. Ultrathin in-resin fluorescence (IRF) sections were

imaged simultaneously for fluorescence and electron signals in an integrated light and scanning electron

microscope. We show, for the first time, that GFP is stable and active in resin sections in vacuo.

We applied our protocol to study the subcellular localisation of diacylglycerol (DAG), a modulator of

membrane morphology and membrane dynamics in nuclear envelope assembly. We show that DAG is

localised to the nuclear envelope, nucleoplasmic reticulum and curved tips of the Golgi apparatus. With

these developments, we demonstrate that integrated imaging is maturing into a powerful tool for

accurate molecular localisation to structure.

& 2014 The Authors. Published by Elsevier B.V.

1. Introduction

Correlative Light and Electron Microscopy (CLEM) uses separate

light and electron microscopes to localise cloned fluorophores

within the structural reference space of the cell [1,2]. Fluorophores

are first imaged using light microscopy, followed by an extended

sample preparation procedure, after which ultrathin sections of

resin-embedded cells are cut and viewed in the electron micro-

scope (EM). The use of separate imaging modalities makes the

accurate localisation of a fluorescent signal to specific cellular

structures difficult, particularly as the axial resolution of a stan-

dard fluorescence microscope is approximately one order of

magnitude lower than that of an ultrathin resin section imaged

in the EM.

Recent advances in imaging systems have led to dual modality

instruments for integrated light and electron microscopy (ILEM).

The integrated laser and electron microscope (iLEM) enables dual

detection of signals by embedding a laser-scanning fluorescence

microscope into a transmission electron microscope (TEM) [3–5].

More recently, a widefield epifluorescence microscope has been

integrated within a scanning electron microscope (SEM) for

‘simultaneous CLEM' (sCLEM) [6,7]. These integrated imaging

systems require maintenance of dual fluorescence and electron

signals within the same biological sample, as well as stability and

activity of the fluorophore within the microscope vacuum.

Protocols have been reported that preserve fluorescence in-

resin for serial light microscopy [8], but post-embedding staining

is required for subsequent electron imaging [9] and so the samples

are not suitable for imaging in integrated microscopes. An

approach that delivers dual fluorescence and electron signals in

the same sample for integrated microscopy is post-embedding

immunolabelling of ultrathin sections (resin or Tokuyasu) with

antibodies conjugated to relatively photostable fluorophores (such

as TRITC, Alexa dyes and DAPI) for iLEM [4,10–13] and sCLEM [6,7].

The alternative is to produce an ultrathin section of a resin-

embedded cell that contains a detectable signal from expressed
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fluorescent proteins alongside sufficient staining of the cell mem-

branes to introduce electron contrast for structural interpretation.

This is a significant challenge, as many of the EM processing steps

are incompatible with fluorescence preservation, including dehy-

dration and heavy metal staining. Protocols have been described

for in-resin fluorescence (IRF) of various fluorophores in samples

ranging from viruses and yeast [14,15] to Caenorhabditis elegans

[16,17], zebrafish [18,19], Drosophila embryos [20] and plants [21].

These techniques have great potential for the accurate correlation

of molecules to structure in cell biology. However, to-date, imaging

of resin-embedded GFP fluorescence in situ in an integrated

microscope has not been reported. Here, we address this ‘missing

link’ by developing a new IRF protocol for mammalian cells that

delivers stable and active fluorescence in resin sections in the

vacuum of an integrated light and scanning electron microscope

(ILSEM).

We have applied this technique to a technically challenging

study, investigating the distribution of the lipid diacylglycerol

(DAG) within cellular membranes. We have previously demon-

strated that DAG has a dual role as a modulator of membrane

dynamics and as a second messenger in mammalian and echino-

derm cells [22–24]. We have also used confocal microscopy and

CLEM as tools to analyse mammalian cells in which DAG was

acutely and specifically depleted from the nuclear envelope and

endoplasmic reticulum, which led to disruption of nuclear envel-

ope reformation at mitosis [24]. Analysis of the distribution of DAG

within the nuclear envelope is therefore expected to contribute to

an understanding of its function in this process. However, sub-

cellular lipid localisation is a challenging task, both in terms of

probes and imaging.

Immunolabelling of DAG is problematic because it does not

have a head-group, and so specific antibodies have not been

generated. In the absence of antibodies, lipids can be localised

by labelling with purified recombinant phospholipid recognition

domains, or by transfection of fluorescently-labelled phospholipid

domain probes [25–27]. Here, we use a GFP-C1a-C1b probe from

PKCε [24], which must be transfected into cells, as the recombi-

nant version of the probe is relatively unstable. We performed

post-embedding CLEM on IRF sections using separate light and

electron microscopes, resulting in improved localisation accuracy

when compared to pre-embedding CLEM performed on whole

cells. The fluorescent signal for DAG localised to the nuclear

envelope, nucleoplasmic reticulum subdomains, and the Golgi

apparatus, where it was possible to detect a higher concentration

in the curved tips of individual Golgi cisternae (indicated by higher

intensity fluorescent signal). Finally, we confirmed the subcellular

localisation of DAG in serial ultrathin sections in an integrated

light and scanning electron microscope. This is the first report of

GFP fluorescence in resin-embedded biological samples in vacuo

correlated to subcellular structure, and as such, introduces a

powerful new imaging tool for structure/ function studies.

2. Results

2.1. Localisation of DAG to cellular membranes by CLEM (pre-

embedding LM)

HeLa cells were transfected with GFP-C1 and mCherry-H2B and

imaged using confocal laser scanning microscopy (Fig. 1A) with an

axial resolution of 0.7 μm. Cells were then processed for CLEM, the

cells of interest were relocated laterally within the block and serial

sections of 70 nm were collected and imaged in the TEM. Confocal

and TEM images were overlaid to find the closest match of

fluorescence signal to structure (Fig. 1A, 1 and 2), bearing in mind

that each confocal image corresponds to a series of 10 EM images

through the z-plane. The overlay accuracy was low due to the

difference in axial resolution between LM and EM, shrinkage

during sample processing for EM, and compression during sec-

tioning. As expected, the mCherry-H2B signal localised to the

nucleus (Fig. 1B,C). GFP-C1 was found at the periphery of the

nucleus, indicating localisation of DAG to the NE as previously

reported [24]. GFP-C1 was also concentrated in the perinuclear

region, which was rich in trans-Golgi network (TGN) membranes

as revealed by EM (Fig. 1B,C, 1 and 2). However, due to the

intensity of the fluorescence in this region, emanating from a

volume ten times that of the EM section plane, it was difficult to

unambiguously assign the GFP signal to TGN membranes. Simi-

larly, peripheral distribution of GFP-C1 suggested localisation of

DAG to the endoplasmic reticulum (ER), but the alignment of

fluorescent signal to structure was poor. To improve the axial

resolution of the fluorescence signal and increase overlay accuracy

and protein localisation precision, we developed a protocol for

preservation of GFP and mCherry signals in mammalian cells after

EM sample preparation.

2.2. High pressure freezing and quick freeze substitution for IRF of

GFP in mammalian cells

HeLa cells were grown in 10 cm tissue culture dishes and

transfected with GFP-C1 and mCherry-H2B constructs (Fig. 2A).

The cells were trypsinised, pelleted, loaded into planchettes and

high pressure frozen (Fig. 2B), thus avoiding the fluorophore

quenching that can occur during chemical fixation with aldehydes.

Cells suspended in vitreous ice were screened for GFP and

mCherry fluorescence at �196 1C using a cryo-fluorescence stage

(Fig. 2B,C), prior to freeze substitution (FS).

Cells were initially subjected to an FS protocol reported to

preserve GFP in zebrafish [19], but this resulted in quenching of

both GFP and mCherry fluorescence. We postulated that the loss of

signal was due to prolonged exposure to solvents, leading to

removal of the hydration shell, which can affect GFP dynamics

[28]. Dehydration effects may be more severe in cells than in

zebrafish or worms, as cells are at least an order of magnitude

smaller. Therefore, we minimised FS time using a Quick FS

protocol developed by McDonald & Webb [29] (Fig. 2D) which

resulted in GFP and mCherry fluorescence preservation in HM20,

K4M and LR White resins (Fig. 2E–G). The FS was carried out in a

polystyrene box, and then reproduced in an automated freeze

substitution unit. Fluorescence was preserved in both, suggesting

that speed is key to the success of the technique. Critically, we

found that fluorophores within the resin blocks were remarkably

stable. In optimally embedded samples, GFP fluorescence can be

imaged in resin fifteen months (or more) after polymerisation.

The protocol was repeated using COS-7 cells expressing the same

fluorescent constructs, which also resulted in successful GFP and

mCherry preservation (data not shown).

2.3. Light microscopy of fluorophores in ultrathin resin sections

Ultrathin sections (70 nm) were cut from resin-embedded cells

expressing GFP-C1 and mCherry-H2B embedded in HM20 (Fig. 3A,

B), K4M (Fig. 3C,D) and LR White (Fig. 3E,F). The sections were

imaged using a standard widefield epifluorescence microscope.

Though signal intensity was low, requiring exposure times of

around 6–8 s with our microscope and camera set-up (using the

100✕ objective with dry imaging conditions; 3–4 s using the 40�

objective with wet imaging conditions), both GFP and mCherry

could be detected in all three resins.

When comparing imaging conditions using sections from

optimally embedded cells, we noted that the signal intensity was

much stronger when grids were mounted in buffered glycerol than

C.J. Peddie et al. / Ultramicroscopy 143 (2014) 3–144



seen in dry imaging conditions. This finding is similar to Karreman

et al. [13] who showed that Alexas 488 and 532 exhibited brighter

intensities when imaged in water than in air. However, it is

important to note that both GFP and mCherry could be imaged

in dry conditions, which is an essential starting point for sections

to be imaged inside the vacuum of an integrated light and electron

microscope. A reproducible gradient of electron contrast was

noted through the depth of the cell layer, presumably a result of

a heavy metal gradient through the volume (data not shown).

Though not quantified, we also noted that levels of preserved

fluorescence in some samples exhibited an opposing gradient, and

that preservation of fluorescence was often better where electron

contrast was poorest.

2.4. Localisation of DAG to cellular membranes by CLEM (post-

embedding LM)

GFP-C1 distribution was analysed in ultrathin resin sections

using widefield epifluorescence microscopy. DAG was localised to

the nuclear envelope, as well as to structures invaginating into the

Fig. 1. CLEM of GFP-C1 and mCherry-H2B in HeLa cells using pre-embedding light microscopy. (A) Maximum intensity projection of a confocal microscopy image stack

showing two cells expressing GFP-C1 and mCherry-H2B and an adjacent cell which is not transfected. Electron micrographs of the boxed regions are shown in panels 1–3.

For each micrograph, the closest approximate slice from the confocal image stack has been used for overlaying the fluorescent signal onto the electron micrograph. (B, C)

Electron micrographs showing localisation of the fluorescent signal to specific structures within the cell; mCherry-H2B is clearly localised to the nucleus, whereas GFP-C1

expression is strongly associated with the perinuclear region. GFP-C1 is less clearly localised to the nuclear envelope and endoplasmic reticulum. (D) Electron micrographs

showing a similar perinuclear region within the adjacent cell, which is not transfected. C: centriole, ER: endoplasmic reticulum, G: Golgi, M: mitochondrion, N: nucleus,

NE: nuclear envelope, TGN: trans-Golgi network. Scale bars—A: inset 1/2/3: 10 μm, B–D: 5 μm (inset 1/2: 1 μm).
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nucleus (arrows) and punctae of different sizes in the cytosol

(Fig. 3B,D,F). Sections that had been imaged in the fluorescence

microscope were then transferred directly to the transmission

electron microscope without any additional heavy-metal staining

(Fig. 4). Cells of interest were relocated using the finder pattern

on the grids, or simply by cell position in the section. Following

EM image acquisition the fluorescence and electron signals were

overlaid. Unlike CLEM protocols using pre-embedding light micro-

scopy (Fig. 1), only small linear adjustments were required for an

accurate overlay. Furthermore, the axial resolution of fluorescence

and electron signals was the same, thus improving protein

localisation precision. HM20 (Fig. 4A,B) and LR White gave the

Fig. 2. Preservation of fluorescence in resin through high pressure freezing (HPF) and quick freeze substitution (QFS). (A) Images from a confocal image stack of fixed cells

grown on coverslips. The cells are expressing both GFP-C1 and mCherry-H2B. (B) Schematic illustrating the method used to prepare cells for freezing. Left: cells are

resuspended in an equal volume of media containing 10% BSA, and spun again in a blocked tip. Centre: the tip blockage is cut away and the cells are pipetted into membrane

carriers. Right: the carriers are high pressure frozen and screened on the cryo-correlative stage before storage. (C) Images showing that fluorescence is preserved after high

pressure freezing. Screening of carriers in this way not only confirms successful preservation of fluorescence, but also confirms presence of a sufficient number of cells in the

carrier for continuation of processing. (D) Carriers are processed for quick freeze substitution (QFS). Left: graph showing the typical temperature profiles recorded during QFS

using the polystyrene box method, and replicated in the AFS2. Variations in the temperature profiles recorded reflect differences in room conditions on the day of processing.

Middle: after substitution, samples are infiltrated with resin and polymerised under UV light. Right: image showing two polymerised HM20 blocks, the tips of which contain

discs of cells from the membrane carrier. (E–G) Merged images showing preserved GFP-C1 and mCherry-H2B fluorescence in resin-embedded cells directly imaged from the

face of the resin block (HM20, K4M, and LR White, respectively). Scale bars—A: 10 μm, C, D: 500 μm.

C.J. Peddie et al. / Ultramicroscopy 143 (2014) 3–146



best contrast and ultrastructure, whereas K4M resin tended to

infiltrate and section poorly. An example of overlays from two

consecutive HM20 sections is shown (Fig. 4A,B), demonstrating

the potential for serial sectioning and imaging to deliver 3D LM/

EM overlays with 70 nm axial resolution in both imaging

modalities.

Fig. 3. Light microscopy of GFP-C1 and mCherry-H2B in 70 nm resin sections using a widefield epifluorescence light microscope. (A) Overview of a 70 nm thick section

through cells embedded in HM20, collected on a finder grid and imaged in phosphate buffered glycerol. A wide variety in expression level of both constructs can be seen.

(B) Enlarged detail of an individual cell boxed in (A) showing mCherry-H2B within the nucleus, and GFP-C1 associated with the nuclear envelope and structures within the

cytoplasm. (C, D) As above, for cells embedded in K4M. (E, F) As above, for cells embedded in LR White. White arrows indicate nucleoplasmic reticulum. Scale bars—A, C, E:

50 μm, B, D, F: 10 μm.

C.J. Peddie et al. / Ultramicroscopy 143 (2014) 3–14 7



Higher magnification analysis of IRF overlays revealed

improved localisation precision of DAG to cellular membranes

using IRF (Fig. 4C–G) compared to CLEM protocols using pre-

embedding light microscopy (Fig. 1). We found that DAG was

particularly concentrated at the tips of Golgi cisternae (black

arrows, Fig. 4C,D). DAG was also localised to the NE (Fig. 4C–E),

and the intranuclear localisation seen in fluorescence microscopy

of the IRF sections was associated with invaginations of the

nuclear envelope, also known as nucleoplasmic reticulum

(Fig. 4E, white arrows). DAG was also localised to the ER, and

could be seen in cells expressing both low (Fig. 4F) and high

(Fig. 4G) levels of the GFP-C1 construct.

2.5. Validation of fluorophore signals by spectral analysis

Spectral analysis was used to confirm that fluorescent signals

resulted from the cloned fluorophores and were not a result of

artefacts such as holes and tears in the resin caused by poor

embedding, resin autofluorescence or anomalous signals from

stained structures in the cells. Emission profiles for both GFP and

mCherry were identical in the fixed and mounted whole cells as

well as in all three resins (Fig. 5A,B). Some background autofluor-

escence was noted, particularly for K4M in the GFP emission

profile and LR White in the mCherry emission profile. However,

this was not strong enough to interfere with the true GFP or

mCherry signals, and reduced over time from embedding relative

to the cloned fluorophores.

We further characterised the in-resin fluorescence and found

that the intensity of fluorophores in the resin sections was

significantly reduced compared to fixed and mounted whole cells.

This can be explained in part by fewer fluorochromes being

available in the 70 nm section than in the whole cell, in addition

to expected losses through sample processing. However, the

preserved fluorescence within the resin sections appeared to be

Fig. 4. CLEM of GFP-C1 and mCherry-H2B in HeLa cells using post-embedding light microscopy. GFP-C1 fluorescent signals overlaid onto electron micrographs of the

corresponding region using the IRF method. (A) Image of GFP-C1 signal alone imaged under dry conditions, and overlaid directly onto the matching electron micrograph, for

a cell embedded in HM20. The fluorescent signal corresponds to the nuclear envelope, and other structures within the cytoplasm (higher magnification micrographs of

subcellular detail are shown in Fig. 5). (B) An adjacent section through the cell shown in A. (C–E) Increased precision of GFP-C1 localisation to Golgi stacks (G) and the NE. In

(C), black arrows indicate localisation of fluorescent signal to the highly curved tips of Golgi cisternae. An enlarged view from an adjacent section is shown in (D). Localisation

to the NE is also evident. In (E), white arrows indicate localisation of fluorescent signal to the nucleoplasmic reticulum. (F, G) Localisation of GFP-C1 to endoplasmic reticulum

and to membrane stacks (black arrows) in cells expressing low (F) and high (G) levels of the GFP-C1 construct. ER: endoplasmic reticulum, G: Golgi, M: mitochondrion,

N: nucleus, NE: nuclear envelope. Scale bars—A, B: 5 μm, C, D: 500 nm, E-G: 1 μm.

C.J. Peddie et al. / Ultramicroscopy 143 (2014) 3–148



significantly more photostable than in the fixed and mounted

whole cells (Fig. 5C,D). Indeed, analysis showed that fluorophores

in the resin sections were 2–5 times more resistant to photo-

bleaching, with a small proportion that proved very difficult to

bleach. This was in stark contrast to the fixed cells that rapidly

bleached to near-background. Due to the complex nature of the

bleaching curves, simple single or double exponential fits were not

well suited, as may be expected [30]. However, for relative

comparisons a double exponential was used in this instance. The

relative t½ under our imaging conditions were as follows: fixed

and mounted samples exhibited GFP t½ of 4571 s (43%) and

24475 s (49%) for the fast and slower fractions, respectively. This

compared to HM20 GFP t½ of 12977 s (33%) and 587775 s (48%)

and LR White GFP t½ of 7674 s (22%) and 350713 s (57%).

mCherry also showed a similar trend with fixed and mounted

samples exhibiting a t½ of 20.370.5 s (52%) and 13273 s (43%),

HM20 mCherry a t½ of 4471 s (43%) and 23078 s (42%), K4M

mCherry a t½ of 5074 s (33%) and 255717 s (48%) and LR White

mCherry a t½ of 3671 s (38%) and 20876 s (44%).

2.6. Localisation of DAG to cellular membranes by ILEM

Fluorescence and electron images of 200 nm resin sections

were collected in a SECOM ILSEM (DELMIC; Fig. 6) equipped with a

widefield epifluorescence light microscope. GFP in IRF sections

was active within the vacuum of the electron microscope. This

enabled preliminary imaging experiments to test the optimal

in vacuo imaging conditions. Interestingly, the GFP signal varied

with vacuum pressure, with a drop in intensity as the pressure

decreased towards high vacuum conditions (Fig. 6A). This was not

due to photobleaching from repeated imaging, as increasing the

chamber pressure to 200 Pa and then to atmospheric pressure

(Atm) resulted in recovery of the signal. In fact, GFP was stable and

resistant to photobleaching over a period of at least 10 min whilst

the image series was collected.

Electron imaging of IRF sections was carried out in situ imme-

diately after fluorescence imaging (Fig. 6B; Fig. 7). The fluorescent

signal could be followed in the same cell over multiple serial

sections (Fig. 7A,B). DAG fluorescence was localised to membra-

nous structures within the cytoplasm (black arrows, Fig. 7C–E),

Golgi cisternae (G and black arrowhead; Fig. 7D), nucleoplasmic

reticulum (white arrows, Fig. 7F,G), endoplasmic reticulum

(Fig. 7F–H), and patches of complex vesicular structures (Fig. 7H).

These findings demonstrate the potential of the IRF protocol

combined with integrated microscopy to deliver fast, seamless, dual

modality imaging for accurate protein localisation in cell biology.

3. Discussion

GFP expression can be contextualised using CLEM to reveal

the surrounding structural reference space of the cell. Correlative

Fig. 5. Validation of GFP and mCherry signals in IRF sections by spectral profiling. (A, B) Spectral profile of GFP (A) and mCherry (B) in fixed and mounted cells, and in each of

the three resins, showing normalised intensity across the lambda stack. No significant shift in emission profiles was noted aside from changes in background noise

characteristics. (C, D) The bleaching rates of resin embedded GFP (C) and mCherry (D) were compared to fixed and mounted cells; the fixed cells showed much higher rates

of fluorophore bleaching over time. Error bars indicate standard deviation at the nearest point to the t½ value.

C.J. Peddie et al. / Ultramicroscopy 143 (2014) 3–14 9



microscopy using two separate imaging systems is now develop-

ing into integrated microscopy, allowing light and electron signals

to be detected in situ without further specimen manipulation

steps. Integrated imaging has the potential to speed up the

process, and significantly improves image overlay accuracy and

protein localisation precision. However, protocol development for

the preparation of samples with dual signals has not kept pace

with technological advances.

Fluorophores have been preserved in resin-embedded cultured

cells without en bloc heavy-metal staining [9], and in heavy-metal

stained and resin-embedded yeast, zebrafish, C. elegans, D. mela-

nogaster and plants. We now extend the available protocols to

include preservation of fluorescence from GFP- and mCherry-

tagged proteins in cultured mammalian cells with electron con-

trast for structural analysis. Our protocol includes low concentra-

tions of water and uranyl acetate in the substitution medium and

is extremely short. In fact, we believe that the inclusion of QFS [29]

within the IRF protocol may be essential to produce cellular

samples with the necessary characteristics for ILEM: fluorophores

that are stable during imaging and long-term storage, and robust

enough to be detected in ultrathin sections (70–200 nm) as

opposed to the thicker sections (4300 nm) required in other

studies [9,21].

Imaging IRF sections on separate light and electron micro-

scopes delivers better overlay accuracy than CLEM performed with

pre-embedding light microscopy of whole cells due to the match-

ing axial resolution of the images. However, our ultimate aim was

to image the IRF sections in situ in the ILSEM for fast, seamless

imaging of dual fluorescence and electron signals with high

precision [6,7]. For the first time, we demonstrate GFP fluores-

cence in resin-embedded biological samples in vacuo. The GFP

signal was stable, and sufficiently intense to detect a range of

expression levels of the GFP-C1 construct in cells. Switching from

fluorescence to electron imaging is simple, with the potential for

overlay accuracies in the order of 10 nm [7] due to the precise

alignment of the light and electron beams.

We demonstrate the application of this new integrated imaging

workflow by extending our recent study on the involvement of

diacylglycerol in the re-formation of the nuclear envelope at

mitosis. We show for the first time that intranuclear DAG is

associated with nucleoplasmic reticulum membranes, indicating

a role in localised membrane morphology, as well as defining an

unprecedented site of localisation within the nucleus. This also

raises the question of whether all lipids that are apparently located

in the interior of the nucleus remain associated with membranes.

Evidence for interior membranes unconnected to the NE is scant

[31] but has been reported [32], which further complicates assign-

ment of interior phospholipids to non-membranous origins.

Future work will involve manipulation of DAG levels in interphase

cells to investigate functional roles of lipids in the nucleoplasmic

reticulum.

The increased accuracy of IRF overlays also indicates an asym-

metric distribution of DAG in the Golgi apparatus, where it is

more concentrated at the curved tips of cisternae. This supports

the idea that highly curved membranous regions require the

presence of spontaneously negatively curved lipids such as DAG,

and indicates an additional role for DAG in organelle shaping [24].

However, the improvement in overlay accuracy is difficult to

quantify because the GFP fluorescence is distributed throughout

organelles rather than emanating from a ‘point’ source such as a

virus particle or a clathrin-coated vesicle [14,15]. In addition,

though the axial resolution of the images far exceeds the diffrac-

tion limit of light due to the physical section thickness [9,17], at

present we are still working with diffraction-limited lateral

Fig. 6. GFP in IRF sections is stable and active at atmospheric pressure and in vacuum. (A) Sequential images depicting the effect of vacuum pressure on the fluorescent signal

recorded from a 200 nm IRF section, beginning at atmospheric pressure (Atm), proceeding stepwise to high vacuum, and returning to atmospheric pressure. (B) Overlaid

fluorescent signal for GFP-C1, recorded at 200 Pa, onto the matching scanning electron micrograph recorded in high vacuum. Scale bars—25 μm.

C.J. Peddie et al. / Ultramicroscopy 143 (2014) 3–1410



resolution. Improvements could be made to the fluorescence

images by integrating a super-resolution light microscope within

the SEM, a logical extension of the STED imaging of IRF sections

reported by Watanabe et al. [17].

The ability to directly detect GFP using ILEM puts a new and

powerful tool into the hands of cell biologists. Ultrastructural

protein localisation is no longer dependent on the availability and

affinity of primary antibodies. There is no longer a requirement for

Fig. 7. ILEM of GFP-C1 in HeLa cells. GFP-C1 fluorescent signals overlaid onto electron micrographs of the corresponding region using the IRF method, acquired using an

ILSEM. (A, B) Images from serial HM20 sections through cells expressing comparatively low (A) and high (B) levels of the GFP-C1 construct. The fluorescent signal

corresponds to the nuclear envelope and nucleoplasmic reticulum, and other membranous structures within the cytoplasm including Golgi stacks and endoplasmic

reticulum. (C–E) Boxed detail from serial Sections 1–3 in A. The fluorescent signal corresponds to curved membrane stacks (black arrows) and curved tips of Golgi cisternae

(G and black arrowhead). (F) Boxed detail from Section 1 in A showing fluorescent signal at the nucleoplasmic reticulum (white arrows). The invagination contains GFP-C1

positive endoplasmic reticulum, which is also visible outside the nucleus with other small vesicular structures. (G) Boxed detail from Section 4 in B showing fluorescent

signal associated with the nucleoplasmic reticulum (white arrows), and segments of endoplasmic reticulum surrounding the nucleus. (H) Boxed detail from Section 3 in B

showing GFP-C1 signal corresponding directly to a coiled membrane stack (black arrow). Intense fluorescent signal correlates to an area of cytoplasm containing complex

membranous structures including segments of endoplasmic reticulum and vesicles. ER: endoplasmic reticulum; G: Golgi; M: mitochondria; N: nucleus; NE: nuclear

envelope; V: vesicles. Scale bars—5 μm (A, B), 1 μm (E-H).
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permeabilisation of membranes to allow access of antibodies into

the sample, which invariably disrupts the ultrastructure, so that

integrated imaging is scalable for protein localisation within

tissues and model organisms. Work is now underway to automate

this process in the next generation of serial imaging systems for

fast, fully aligned 3D ILEM using serial imaging techniques like

array tomography [33], Serial Block Face SEM and Focused Ion

Beam SEM [34].

Finally, the combination of IRF and ILEM could lead to ‘multi-

colour’ electron microscopy. At present, it is possible to immuno-

label with several antibodies using different immunogold particle

sizes, though species specificity of the primary antibody is usually

a limitation. Using IRF and ILEM, the main limitations on the

number of proteins localised will be the number of fluorescent

probes within the sample and the range of wavelengths excited

and detected by the integrated light microscope. Thus, many pre-

existing cell lines and model organisms expressing fluorescent

proteins could now be accessible to high precision protein locali-

sation studies.

4. Materials and methods

4.1. Cell culture, constructs and transfection

Human cervical cancer epithelial HeLa cells were obtained from

the American Type Culture Collection (ATCC, CCL-2). Cells were

maintained in DMEM supplemented with 10% foetal bovine serum

in 10 or 15 cm tissue culture dishes. PKCε and mCherry-H2B were

kindly provided by Peter J. Parker (London Research Institute, UK).

EGFP-PKCεwas made by removing an internal BamHI site using

the oligos:

Sense–gccccacaagttcggcatccacaactacaaggtccccacg

Antisense–cgtggggaccttgtagttgtggatgccgaacttgtggggc

PKCεC1aC1b was PCR amplified using the oligos:

Sense–agggatccatgcacaacttcatggccacctacttgcggcaac

Antisense–ttgccgcaagtaggtggccatgaagttgtgcatggatccct

Cells were transfected with 0.5 μg DNA (for 3.5 cm MatTek

dishes) of each construct using Lipofectamine LTX and PLUS

reagent (Invitrogen, Life Technologies Ltd, Paisley) in OPTIMEM

medium (Gibco, Life Technologies Ltd, Paisley) as recommended

by the manufacturer. The transfection mix was added to the cells

in antibiotic-free medium. Microscopy and/or fixation was per-

formed 18–24 h after transfection.

4.2. CLEM with pre-embedding light microscopy

Cells were grown on gridded glass coverslips in MatTek dishes

(MatTek Corporation, Ashland, MA, USA), fixed in 4% paraformal-

dehyde in 0.1 M phosphate buffer (PB), pH 7.4, and mounted in

Mowiol/DABCO prior to imaging for brightfield and fluorescence

signals on an inverted LSM 710 confocal microscope with a 63� /

1.4 objective (Zeiss, Cambridge). Secondary fixation was per-

formed in 1.5% glutaraldehyde/2% paraformaldehyde in 0.1 M PB

for 30 mins. After fixation, coverslips were carefully removed from

the MatTek dishes and washed several times in 0.1 M PB. The cells

were post-fixed in 1.5% potassium ferricyanide/1% osmium tetr-

oxide for 1 h, before rinsing in PB, and incubating in 1% tannic acid

in 0.05 M PB (w/v) for 45 min to enhance membrane contrast.

After a brief rinse in 1% sodium sulphate in 0.05 M PB (w/v), the

coverslips were washed twice in distilled water, dehydrated

through an ascending series of ethanol and propylene oxide prior

to infiltration with epoxy resin and polymerisation overnight at

60 1C. The coverslips were removed from the resin blocks by

plunging briefly into liquid nitrogen. The cells of interest were

identified by correlating the grid and cell pattern on the surface of

the block with previously acquired brightfield images. The area of

interest was cut from the block and further trimmed by hand

using a single-edged razor blade to form a small trapezoid block-

face. Using a diamond knife, serial ultrathin sections of 70 nm

thickness were cut through the depth of the cells of interest and

collected on 1.5% formvar-coated single slot grids. The sections

were counterstained with lead citrate to further enhance contrast

prior to electron imaging.

4.3. High pressure freezing

A schematic representation of the preparation method used is

shown in Fig. 2. For high pressure freezing, the cells were spun in

an Eppendorf tube to form a pellet, resuspended in an equal

volume of media containing 10% BSA, and maintained at 37 1C. For

loading into membrane carriers, a volume of cells was spun down

in a blocked 200 μl pipette tip. After cutting away the end of the

tip, the cells were pipetted into membrane carriers, loaded into

the EMPACT2 high pressure freezer using the rapid transfer system

(Leica Microsystems, Vienna) and high pressure frozen. Carriers

containing frozen cells were stored under liquid nitrogen.

4.4. Cryo-fluorescence

To monitor levels of fluorescence after high pressure freezing,

some carriers from each batch of frozen cells were screened using

a cryo-correlative stage (CMS-196, Linkam Scientific Instruments,

Chilworth) mounted on a standard epifluorescence microscope

(Axio Scope, Zeiss, Cambridge). Carriers containing frozen cells

were transferred to the stage under liquid nitrogen and placed

directly on the viewing platform for imaging at �196 1C. Proces-

sing of screened and non-screened cells in parallel showed a

negligible effect of screening on fluorescence preservation and

ultrastructural preservation (data not shown).

4.5. Freeze substitution and quick freeze substitution

Quick freeze substitution (QFS) was performed using a mod-

ified version of the method described by McDonald and Webb

[29]. Tubes containing substitution media (5% H2O in acetone, with

either 0.1% or 0.2% uranyl acetate diluted from 20% stock in

methanol) were placed in a metal block cooled to �196 1C within

a polystyrene box and frozen. Carriers containing high pressure

frozen cells were transferred to the tubes containing frozen

substitution media under liquid nitrogen. After carrier transfer,

the liquid nitrogen in the tube was poured away and the tubes

were capped and returned to the cooled block. To initiate sub-

stitution, the liquid nitrogen was removed from the box and

replaced with dry ice. The temperature of the cooled block was

monitored using a temperature probe mounted within a tube in

the block, and the dry ice was removed once the block reached

�85 1C. At this point, the block was turned on its side within the

box and placed on a rotary shaker at 100 rpm.

For embedding in HM20 resin, the tubes were transferred to an

automated freeze substitution unit (AFS2; Leica Microsystems,

Vienna) once the block reached �50 1C and held at this tempera-

ture until the total substitution run-time reached 3 h. For embed-

ding in K4M resin, the transfer and holding temperature was

�35 1C, and for LRWhite, �20 1C. Where the temperature was not

reached by 3 h, the tubes were transferred as soon as the holding

temperature was reached. The carriers were then gently trans-

ferred to moulds filled with 100% acetone and incubated for
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15 min. A further 3�15 min washes with 100% acetone were

carried out prior to resin infiltration carried out over 3 h through

20/40/60/80/100% dilutions of resin. After incubating overnight in

100% resin, a further 4 changes of fresh resin were carried out the

following day, prior to polymerisation under 360 nm UV light over

48 h, and warming to room temperature.

Graphs illustrating the typical temperature profile recorded

during QFS are shown in Fig. 2. QFS temperature profiles tended to

vary with fluctuations in room environment, therefore we tested a

more strictly controlled QFS performed in the automated FS unit.

The AFS2 was programmed to closely mimic the typical tempera-

ture profile recorded during freeze substitution. This method also

produced blocks in which fluorescence was preserved, and the

quality of resin infiltration and embedding was comparable to that

of the polystyrene box QFS method (data not shown).

Polymerised blocks were trimmed from the moulds and stored

at room temperature in the dark. Prior to sectioning, the mem-

brane carriers were carefully trimmed away by hand, and the

blocks cut and trimmed perpendicular to the cell layer to allow

examination of the full depth of the layer. Ultrathin sections of

70 nm and 200 nm thicknesses were cut using a UCT ultramicro-

tome (Leica Microsystems, Vienna), collected on 1.5% formvar-

coated finder grids and slot grids, and stored at room temperature

in the dark.

4.6. Fluorescence imaging of IRF sections

Ultrathin sections were imaged for fluorescent signal in two

ways, depending on the quality of resin infiltration and embed-

ding. Where embedding was less than optimal, it proved necessary

to image sections hydrated to eliminate reflections from holes and

tears in the sections. For this, grids were mounted between a glass

slide and coverslip using phosphate buffered glycerol, pH 8.6.

However, in optimal conditions this step was unnecessary, and the

fluorescent signal could be directly collected from grids placed

upon glass slides. Images were collected with the standard wide-

field epifluorescence microscope using 40� or 100� air objec-

tives (EC Plan-Neofluar 40� /0.75; EC Epiplan-Neofluar 100� /

0.75) and an MRm CCD camera (Zeiss, Cambridge).

4.7. Electron imaging of IRF sections

Electron microscopic examination and digital image acquisition

was conducted on a Tecnai G2 Spirit BioTWIN (FEI Company,

Eindhoven) with an Orius CCD camera (Gatan Inc., Pleasanton).

Cells of interest expressing GFP-C1 and mCherry-H2B were located

by correlating their position in fluorescent images on finder grids

with location in the electron microscope, or in the case of serial

sections, simply by correlating cell position with location on slot

grids. A series of low and high magnification micrographs of

regions of interest was acquired.

4.8. Overlay of fluorescence and electron images

Composite images showing the fluorescent signal overlaid on

electron micrographs were created using Adobe Photoshop. As the

fluorescent images were comparatively low resolution, they were

upsized prior to overlaying on the electron micrograph and were

then rotated and linearly scaled to fit. Each of the images was

adjusted for contrast, brightness, exposure, and RGB curves/levels

to more closely match the original signal as viewed on the

epifluorescence microscope. Electron micrographs were adjusted

linearly for brightness and contrast, and were sharpened using

unsharp mask.

4.9. Spectral profiling

Spectral confocal imaging was undertaken using a Zeiss LSM

780. Samples were presented on a glass slide and imaged using a

Plan Apochromat 20� /0.8 objective. For GFP samples, the 488 nm

laser line was principally used for excitation via a 488 DCLP and

spectral information collected every 8.7 nm from 465–692 nm.

Excitation was also tested using the 458 nm laser line via the 458

DCLP filter, which showed no change in emission profile. For

mCherry the 561 nm laser line was used for excitation via a 458/

561 DCBP and emission collected every 8.7 nm from 465–692 nm.

Importantly, for cross comparison of pre-sectioned samples to

fully processed samples, the detector voltage was kept constant.

GFP photobleaching was carried out by imaging over 83 sequential

scans with a pixel dwell time of 1.72 μsec using 60% transmission

of the 488 nm laser and emission collection between 493–560 nm.

mCherry photobleaching was carried out by imaging over 83

sequential scans with a pixel dwell time of 2.08 μsec using 40%

transmission of the 561 nm laser and emission collection between

578–696 nm.

4.10. Integrated light and scanning electron microscopy

The integrated light and scanning electron microscope consisted of

a Quanta 250 FEG (FEI Company, Eindhoven) and attached SECOM

platform with Nikon Plan Apo 40� /0.95 objective (DELMIC B.V.,

Delft). GFP fluorescence was stimulated by excitation of GFP using a

488 nm laser light source and multi-band filters (FF505/606-Di01

dichroic, FF01-524/628-25 emission; Semrock, Rochester NY). Images

were collected using an iXon Ultra camera (Andor Technology, Belfast)

with a laser power of 10 mW, exposure time of 2 s, at chamber

pressures of both 200 pA and 40 pA. For comparisons across vacuum

conditions, GFP fluorescence was stimulated by excitation using an

LED light engine (475/28 nm; Lumencor Inc., Beaverton OR). Images

were collected using a Clara CCD camera (Andor Technology, Belfast)

with exposure time set at 3.9 s. When directly comparing fluorescence

intensity across a range of vacuum pressures, the exposure time was

kept constant, and adjustments in brightness, contrast and RGB levels

were made post-acquisition to closely match the levels of background

fluorescence between images. For SEM imaging, the vCD backscatter

detector (FEI Company, Eindhoven) was used at a working distance of

5.9 mm, and inverted contrast images were acquired at both 40 pA,

and in high vacuum (2.5 keV, spot size 3.5, 30 μm aperture, and dwell

time of 60 μs for all chamber pressures). The electron micrographs

were adjusted to enhance contrast, and composite images of dual

signals were generated as outlined above.
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